172 yielded the cytosolic fraction. Cytoplasmic DNA was isolated and purified from this cytosolic fraction using the 173 QIAQuick Nucleotide Removal Columns (Qiagen). 174 175 RESULTS 176 177 K haplogroup cybrids exhibit increased mitochondrial DNA fragments in the cytoplasm : 178 Total cytoplasmic DNA was extracted from H and K cybrids (n=3) and analyzed for expression of both 179 mitochondrial DNA markers (MT-ND2) and nuclear DNA markers (Actin). Cytoplasmic DNA content was then 180 normalized to the total DNA. Mitochondrial DNA target expression was normalized to nuclear target expression, and 181 overall cytoplasmic content normalized to total DNA levels ( Fig. 2A) . The K cybrids contained 4.3 fold higher levels of 182 mitochondrial DNA in the cytoplasmic fraction compared to H cybrids. (p=0.049) 183 184 Mitochondrial haplogroup does not affect STING gene expression: 185 The STING complex is the intracellular sensor system for DNA fragments. Altered expression of downstream 186 genes after STING knock-down is indicative that the DNA fragments are playing a role in the transcription for those 187 genes. Gene expression levels for STING at baseline were similar between H and K cybrids (Fig. 2B ). The H (n = 5) and 188 K (n = 5) cybrids underwent STING knockdown (KD) by transfecting the cells with 30pmol siRNA or Silencer negative 189 control. After 48 hours, RNA was isolated and the expression levels of the STING gene were measured by qRT-PCR. 190 STING expression was significantly decreased in both the H and K cybrid cells. (11.48%, p=0.0028 in H cybrids and 191 9.5%, p<0.0001 in K cybrids; Fig. 2B ). Gene expression was then analyzed for pathways related to cancer, epigenetics, 192 complement and inflammation. 193 194 Haplogroup K cybrids exhibit decreased expression of key DNA methylation genes: 195 The K cybrids had lower levels of expression for DNMT1 (77.7% ± 4.3, p = 0.0057), DNMT3B (54.6% ± 3.4, p 196 0.0042) and TRDMT1 (73.1% ± 4.2, p = 0.035), and DNMT3a (60.0% ± 2.7, p=0.0179) compared to the H cybrids. The 197 levels for MAT2B were similar in the H and K cybrids (Fig. 3a ). The expression levels for genes related to acetylation 198 (HDAC1, HDAC2, HDAC3, HDAC4, HDCA6, HDAC9, and HDCA11) were similar in the H and K cybrids at baseline 199 ( Fig. 3b ). 9 228 K haplogroup cybrids exhibit decreased expression of key cancer target genes: 229 The cancer genes investigated in this study are known targets for drugs that are currently being used clinically to 230 treat cancer patients ( Table 2 ). The K cybrids had significantly lower expression levels of four cancer related genes 231 (BRCA1, 51.6% ± 9.9%, p = 0.007; EGFR, 73.9% ± 6.9%, p = 0.05; ALK, 22.6% ± 5.9%, p = 0.003 and PD1, 40.5% ± 232 12.6%, p = 0.03) compare to H cybrids. The transcription levels for ERBB2 (p = 0.3) were similar in H and K cybrids 233 ( Fig. 5a ).
235 Knockdown of STING influences BRCA1 and EGFR gene expression dependent on haplogroup:
236 After STING-KD, the H cybrids showed lower BRCA1 expression levels (34.7% ± 11.1%, p = 0.02) compared to 237 H Control cybrids, while the K cybrid showed no significant decrease (p = 0.41). Conversely, the EGFR levels were 238 lower in the STING-KD K cybrids (29.1% ± 10.1%, p = 0.02) and also in the STING-KD H cybrids (28.1% ± 11.8%, p = 239 0.05) compared to the untreated cybrids. The levels for ALK, PD1, and ERBB2 were similar in the STING-KD versus 240 Control H and K cybrids (Fig. 5a ). 241 242 K haplogroup cybrids differentially express genes involved in the STING DNA sensing pathway: 243 A variety of genes involved in the STING signaling pathway were analyzed and we discovered that K cybrids had 244 higher expression of IkBa (194.0% ± 30.2%, p = 0.05) and NFKB2 (145.1% ± 11.9%, p = 0.026) as well as lower 245 expression of TNFRSF19 (27.5% ± 7.9%, p = 0.0073) and IRF3 (67.9% ± 5.1%, p = 0.009) at baseline compared to H 246 cybrids ( Fig. 5b ). At baseline there were no differences in expression of CGAS, TBK1 or TRAF2 between H and K 247 cybrids. 248 249 Knockdown of STING increases expression of IRF3 in K haplogroup cybrids: 250 After STING-KD, the only gene affected was IRF3, which was increased in the K cybrids compared to the lower 251 baseline value (107.2% ± 8.7%, p = 0.0081). Interestingly, this increase returned IRF3 gene expression to comparable 252 levels of the untreated H cybrids. The levels of CGAS, TBK1, TRAF2, IkBa, NFKB2, and TNFRSF19 were similar in 253 STING-KD H and K cybrids (Fig. 5b ). 254 255 256 K haplogroup cybrids exhibit decreased phosphor-IRF protein levels:
257 In order to confirm expression levels of key STING pathway genes and identify any alterations in STING 258 signaling at baseline between the H and K cybrids, protein expression was measured via western blot. Phosphorylated and 259 non-phosphorylated antibodies were used because many key STING pathway proteins function through phosphorylation. 260 K cybrids demonstrated increased levels of IRF3 protein level (596% ± 58.3, p = 0.0015) and a decrease in the level of 261 phospo-IRF3 (59.3% ± 10.8, p = 0.021) when compared to baseline H cybrids (Figs. 6a, 6b) . No difference was seen in 262 expression of NFKB or phosphor-NKFB ( Figs. 6c-6e ). 263 264 DISCUSSION 265
The present study was designed to determine if the STING (TMEM-173) pathway was involved in the signaling 266 from the mitochondria to the nuclear genome in cybrids containing mitochondria from healthy subjects with either 267 common European H haplogroup mtDNA or the Ashkenazi Jewish associated K haplogroup mtDNA. Studies have shown 268 altered expression levels of genes associated with epigenetic pathways in K versus H cybrids and that inhibition of 269 methylation with 5-aza-2'-deoxycytidine (5-aza-dC) altered the expression of NFκβ2, an important transcription factor 270 activation of inflammation and immunity. (10) 271 The present study was designed to determine if activation of STING via DNA fragments played a role in the 272 modulation of five methylation-related genes and eight acetylation-related genes. After STING-KD, both H and K cybrids 273 showed increased expression of DNMT1 and lower expression of DNMT3A. However, only the STING-KD H cybrids 274 showed reduced DNMT3B expression levels while the STING-KD K cybrids were similar to control K cybrids. These 275 findings indicate that the transcription of methylation pathway genes (DNMT1, DNMT3A and DNMT3B) can be regulated 276 through STING, an intracellular DNA sensor system, and more importantly, the transcription levels are differentially 277 expressed if the cells possess K haplogroup mtDNA compared to H haplogroup mtDNA. This potentially could lead to 278 alterations in methylation patterns and variable modulation of downstream genes, depending if the subject has European 279 mtDNA haplogroup versus Ashkenazi Jewish mtDNA profiles. 280 Of the eight acetylation genes investigated, only the HDAC1 expression levels were reduced in both the H and K 281 cybrids after STING-KD. This finding suggests that in non-pathological, unstressed cells there are some levels of STING 282 activation via DNA fragmentation that upregulate HDAC1, a Class I histone deacetylase important for proliferation 283 differentiation and apoptosis. This is the first description of a relationship between STING activation and modulation of 284 HDACs. Interestingly, in the STING-KD K cybrids the HDAC9 transcription was significantly lower (p = 0.02) while the 285 STING-KD H cybrids showed a trend for lower HDAC9 levels but it did not reach significant (p = 0.18) due to larger 286 variations within the H cybrids. HDAC9, which is important for mitochondrial functions, has highest expression in brain 287 (41) and has not previously been reported to be expressed in human RPE cells. HDAC9 inhibits Mef2 (myocyte enhancer 288 factor2), which is important to oxidative phosphorylation in conventional T cells and T-regulatory (Treg) cells. (42) 289 HDAC9 also plays a role in Treg suppressive functions and inhibits transcription of PGC1α and Sirt3, both important for 290 mitochondrial replication and ROS metabolism. These data suggest that via the STING pathway, the mtDNA can mediate 291 the HDAC9 expression levels, thereby influencing the mitochondria metabolism and possibly immune functions. 292 However, additional studies are needed to more fully understand this relationship. The other six acetylation genes showed 293 similar levels before and after STING knock-down. 294
The mechanism by which the STING complex affects the epigenetics is unknown. However, it has been shown 295 that nuclear envelope transmembrane protein 23 (NET23)/STING can promote chromatin condensation and induce 296 epigenetic changes, which is important because of its role in signaling for innate and apoptosis.(6) Green and coworkers 297 reported that in response to viral-like double stranded RNA, the Pacific oyster (Crassostrea gigas) showed a upregulation 298 of virus recognition receptors, signaling and effector genes, but the DNA methylation genes and STING remained 299 unchanged, consistent with a poorly developed immune priming response. (43) This suggests that in mammalian cells, 300 the activation of STING along with altered expression of specific methylation and acetylation genes may be important for 301 immune recognition but the individual's responses may be unique depending upon the ethnic/racial origin and underlying 302 mtDNA profile. 303 It is recognized that pathological conditions (e.g., viral and bacterial infections) are often associated with DNA 304 fragmentation and STING activation that modulates the immune responses. However, our findings suggest that STING 305 activation may also be important for retrograde (mitochondria to nucleus) signaling under non-pathogenic conditions. In 306 this study, the H and K haplogroup cybrid cell lines have identical nuclei and are cultured under non-stressed conditions. 307 One can speculate that the fragmentation of the H mtDNA (European) versus the K mtDNA (Ashkenazi Jewish) might 308 yield different size or variants of fragments that then activate the STING pathway differently, thereby leading to 309 differences in the downstream regulation of the epigenetic genes. Our data shows that K haplogroup cybrids have 310 increased levels of mtDNA in the cytoplasm of these cells. Due to the influence of this mtDNA load on the STING 311 pathway, this could cause differences in methylation status, which might play a role in personalized responses to drugs 368 that are differentially regulated by STING, dependent on mitochondrial haplogroup. This suggests that response to 369 mtDNA fragments can be influenced by the mtDNA background. Additionally, this data demonstrates an association 370 between mitochondrial haplogroup and mtDNA fragments levels. These fragments do not always illicit a pathogenic 371 response, as would be expected. Finally, our data has identified novel pathways influenced by the expression of STING, 372 suggesting that sensing of mtDNA fragments can have far reaching implications for signaling outside of inflammation .  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394 
